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Abstrat - We have studied the angular utuations in the speed of light
with respet to the apex of the dipole of Cosmi Mirowave Bakground (CMB)
radiation using the experimental data obtained with GRAAL faility, loated at
the European Synhrotron Radiation Faility (ESRF) in Grenoble. The mea-
surements were based on the stability of the Compton edge of laser photons
sattered on the 6 GeV monohromati eletron beam. The results enable to
obtain a onservative onstraint on the anisotropy in the light speed variations
∆c(θ)/c < 3×10−12, i.e. with higher preision than from previous experiments.
1 Introdution
The study of the light speed anisotropy with respet to the dipole of the Cos-
mi Mirowave Bakground (CMB) radiation as suggested in [1℄, is the modern
analog of the Mihelson-Morley experiment. CMB, besides being a unique os-
mologial messenger, also is determining the hierarhy of inertial frames and
their relative motions, and is dening an "absolute" inertial frame of rest, i.e.
the one where the dipole and quadrupole anisotropies vanish.
The dipole anisotropy of the temperature T of CMB without doubts is of
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Doppler nature,
δT (θ)
T
= (v/c) cosθ + (v2/2c2) cos2θ +O(v3/c3) (1)
(the rst term in the right hand side is the dipole term) and is indiating the
Earth's motion with veloity
v/c = 0.000122 ± 0.00006; v = 365 ± 18 kms−1,
with respet to the above mentioned CMB frame.
WMAP satellite's 1-year data dene the amplitude of the dipole 3.346±0.017
mK and the oordinate of the apex of the motion (in galati oordinates) [2℄
l = 263.85◦ ± 0.1◦, b = 48.25◦ ± 0.04◦. (2)
The errors are due to the alibration of the WMAP and will be improved in due
ourse. This oordinate is in agreement with estimations based on the hierarhy
of motions involving the Galaxy, Loal group and Virgo superluster [3℄.
The probing of the anisotropy of the speed of light with respet to the diretion
of CMB dipole, therefore, is a profound aim.
An experiment was proposed in [1℄ to hek suh a light speed anisotropy
using the eet of inverse Compton sattering of photons on monohromati
eletron beams. Originally the idea of using the Compton sattering of laser
photons on aelerated eletrons has been proposed in [4℄,. Estimations showed
the feasibility for reahing high auraies at available parameters of laser beams,
as well as for highly monohromati eletrons produed in existing aelerators,
suh as SLAC, ESRF (Grenoble), TJNAF. Besides of methodial dierene with
other experiments suh a test would reah auraies higher than the existing
limits.
Majority of performed measurements of the light speed isotropy were dealing
with a losed path propagation of light (see [7℄ and referenes therein). Suh
round-trip propagation are insensitive to the rst order but are sensitive only
to the seond order of the veloity of the referene frame of the devie with
respet to a hypothetial universal rest frame. Mossbauer-rotor experiments
yield a one-way limit ∆c/c < 2× 10−10, using fast beam laser spetrosopy [8℄.
The latter using the light emitted by the atomi beam yield a limit ∆c/c <
3 × 10−9 for the anisotropy of the one-way veloity of the light. Similar limit
was obtained by Vessot et al. [9℄ for the dierene in speeds of the uplink
and the downlink signals used in the NASA GP-A roket experiment to test
the gravitational redshift eet. One-way measurement of the veloity of light
has been performed using also NASA's Deep Spae Network [10℄: the obtained
limits yield ∆c/c < 3.5 × 10−7 and ∆c/c < 2 × 10−8 for linear and quadrati
dependenies, respetively. Another lass of experiments dealt not with angular
but frequeny dependene of the speed of light. For the visible light and γ-rays
the limit (1.8± 6)× 10−6 was obtained, while the dierene with the veloity of
11 GeV energy eletrons ve was (c− ve)/c = (−1.3± 2.7)× 10
−6
(see [12℄). The
data on gamma ray bursters, soures loated on osmologial distanes, were
used by Shaefer [11℄ to obtain strong limits for the variation of the speed of
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light on frequeny, namely ∆c(ν)/c < 6.3 × 10−21 was obtained for 30-200 keV
photons of the are GRB 930229.
Below we present the rst results of the test of the isotropy of the one-way
speed of light by means of the Compton eet [1℄ using the data obtained at
GRAAL. The results obtained are not only methodially dierent from those of
the above mentioned experiments but also provide stronger onstraints on the
light speed anisotropy in CMB frame.
2 Compton Sattering of Photons on Monohromati
Eletrons
In the ase of head-on Compton sattering of low energy photons and ultra-
relativisti eletrons, the energy dependene of the sattered photon versus angle
in the laboratory frame is given as
Eγ =
4γ2Eℓ
1 +
4γEℓ
me + θ
2γ2
, (3)
where θ is the angle between the sattered photon and the inident diretion
of the eletron, γ is the Lorentz fator of the eletron (11820 for 6.04 GeV
eletrons), Eℓ is the energy of the inident photon and me is the mass of the
eletron. For visible light (514.5 nm) the maximum energy of the sattered
photons (θ = 0, usually alled Compton Edge, CE) is at 1100 MeV, while for
the u.v. light (several lines around 351 nm) the CE is at 1500 MeV.
The Compton sattered eletrons of energy E′e = Ee − Eγ will separate
from the main beam while moving through the next magneti dipole (see the
experimental set-up for further details). The energy of the gamma photons is
related to the distane x between both trajetories by an equation
Eγ =
Eex
A+ x
, (4)
where A is a onstant. For the CE, the equations (3) and (4) lead to
xCE =
4AγEℓ
me
. (5)
The distane xCE between CE sattered eletrons and the main beam is
then proportional to the energy Ee of the eletrons in the mahine.
If the energy of the ultrarelativisti monohromati eletron beams is kept
stable with given auray, namely the beam energy is stable over a long time
and not at an instantaneous measurement, the Compton edge variation will
result in the estimation of orresponding light speed variation
βdβ = (1/γ2)dγ/γ. (6)
E.g. for E = 6.04GeV and σE/E ≈ 10
−4
one obtains
dβ ≤ 10−12.
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Figure 1: Shemati set-up of the tagging box: 1) X-ray shielding, 2) Si mi-
rostrip detetor, 3)-4) Sintillators and light guides for timing.
3 Experimental set-up
In the experiment arried-out with the GRAAL faility, installed at the Eu-
ropean Synhrotron Radiation Faility (ESRF), Grenoble, the γ-ray beam was
produed by Compton sattering of laser photons o the 6 GeV eletrons ir-
ulating in the storage ring (≈ 1 km irumferene), over a 6.5 m long straight
setion [5℄,[6℄. The angle between the inident laser light and the eletron beam
does not exeed 1
◦
, given the geometry of the set-up, and has no measurable
inuene on the beam energy.
Photon energy was provided by an internal tagging system loated right after
the exit dipole of a straight setion (Figure 1). Eletron position was measured
by a silion mirostrip detetor (128 strips with a pith of 300 µm and 500 µm
thik). Two long plasti sintillators overing the whole foal plane (38.4 mm)
and 8 small ones, eah overing ≈1/8 th, were situated behind the mirostrip
detetor and provided a fast signal apable of separating 2 eletrons of adjaent
bunhes (2.8 ns dierene) and used as START signal in all Time of Flight
(ToF) measurements of the experiment. The whole system was embedded in a
4pi shielding box (equivalent to 8 mm Pb) against the huge X-ray bak-ground.
The thikness of this box and the minimum distane allowed to the eletron
beam determined our threshold of 650 MeV in gamma-ray energy.
The CE measured by the silion mirostrip detetor is displayed on Fig.2
both for the visible and u.v. light provided by the laser. The CE is tted for a
given laser wave length by the funtion
N(X) = a1(1 + a5X) (1− erf(X)) + a4 (7)
for X < 0, and
N(X) = a1 (1− erf(X)) + a4 (8)
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Figure 2: Analysis of the Compton edge for visible laser light (a) and u.v.light
(b).
for X > 0, where X = x−a2
a3
√
2
and where x is the position (expressed in mirostrip
number). The parameters a1 to a5 are tted to the experimental spetrum, a2
represents the CE position and a3 the Gaussian parameter σ, a1 is the ampli-
tude, a3 is the slope of the spetrum below the (CE) and a4 is the residual
gamma spetrum after the CE. The residual gamma spetrum is due to the
Bremstrahlung of the eletron beam. For u.v. three dierent groups of laser
lines: 334.4, 351.1 and 335.8 nm, are present and an be seen on the experimen-
tal spetrum.
As shown in Figure 2, the experimental energy resolution an be extrated
from the t of the Compton edge, the theoretial distribution ending abruptly.
In the ase of u.v. lines (Figure 2b) the three edges are learly resolved and
their peak position, width and relative intensity an be obtained. The mea-
sured resolution (FWHM≃16 MeV) is in agreement with the estimated one
from the simulation and is dominated by the eletron beam energy dispersion
(FWHM=14 MeV). The peak position is used to alibrate and monitor the abso-
lute position of the mirostrip detetor whereas the relative laser line intensities
are input to the alulation of the γ-ray beam polarization.
Typially an auray of ≃ 0.03 mirostrip is obtained for the position of a
given line (parameter a2 ). This value orresponds to ≃ 0.2MeV and thus
∆Eγ/Eγ ≃ 2× 10
−4. (9)
As a result 2075 measurements have been performed from 10.04.1998 to 11.05.2002
split in 48 periods of measurements.
4 Data Analysis
A speial interative software has been developed for the analysis of the GRAAL
data. The data in our disposal have been represented via sequene of bloks
with equal values of the Compton edge, as shown in Table 1.
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Blok CE Laser Date of Total Months(1998-2002)/Number of measurements
position nm measurements points I II III IV V VI VII VIII IX X XI XII
1 54.7-56.5 514.5 05.06.1999- 389 26 39 - - - 151 - - 94 79 - -
05.02.2002
2 94.2-94.8 351.1 10.04.1998- 443 - - - 87 62 64 32 60 138 - - -
21.09.1998
3 101.3-101.9 351.1 16.04.1999- 316 - - - 192 124 - - - - - - -
16.05.1999
4 104.4-104.9 351.1 30.01.2000- 209 6 145 58 - - - - - - - - -
06.03.2000
5 108.0-110.7 334.4, 15.04.2000- 329 - 39 69 97 8 - - - - - 116 -
351.1 12.03.2002
Total 53.1-110.7 10.04.1998- 2075 32 261 180 546 256 215 32 60 298 79 116 -
11.05.2002
Table 1: The dates of the dierent measurements whih ontribute to the nal
analysis.
For eah blok the extreme values, the dates of the start and the end of
measurement are given in Table 1. The table shows also the distribution of the
periods of measurements over months. All existing data have been studied by
means of the normalization by dividing the Compton edge values of eah of 48
initial data fragments. Variations both within 24 hour day and sidereal day
have been studied.
Though large dispersion is apparent, see Figure 3, most of the experimental
points are loated within ±0.3 mirostrip and a stability with auray 2×10−3
an be estimated from the rough data.
Figure 4 shows the daily variations of data averaged over 1 hour intervals.
The quasi-monotonous inrease of the average energy after the lling every 12
hour (vertial bars) is learly distinguished. This eet ould be understood as
a hange in temperature of the beam vessel and therefore a hange in position
of the tagging box with respet to the beam. The orrelation is obvious, but at
a low level: 0.09 mirostrip over 12 hours i.e. three times the unertainty on a
single measurement. However, this eet is averaged out at our main goal, i.e.
when we look at the data as a funtion of CMB dipole position.
The variation of the data over the azimuth angle is shown in Figure 5,
together with the variation of the angular distane between the beam and the
apex of the CMB dipole. Note the existene of up to 10 σ utuations for the
individual points whih we ould not orrelate to any systemati eet.
The distribution of all data averaged by month is given in Figure 6. As
an be seen in that plot, the averaging proedure gives very low values for
the utuations, showing that the daily utuations observed in Figure 4 are
averaged out. From this plot we an estimate the utuations to ≃ 0.015±0.007
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Figure 3: Experimental data plotted as a funtion of hour, showing their daily
variation. The dispersion of data around the average, taken arbitrarily at zero,
is expressed in frations of mirostrip (300 mirometers width or about 7 MeV
for one mirostrip).
Figure 4: The same as Figure 3, but eah point is the average over one hour.
The dotted lines show the rell time of the mahine orresponding to a possible
hange in temperature of the tagging detetor. The average is also expressed in
mirostrip frations.
7
Figure 5: Experimental data plotted as a funtion of the azimuth (above);
below, the variation of the angle between the beam and the CMB dipole deom-
posed to azimuth (dotted) and delination (dashed) angles is shown. Dispersion
has the same expression as for the two previous gures.
Figure 6: Experimental data over 12 month period averaged by month. The
average, also expressed in mirostrip frations, is found very lose to zero.
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mirostrip orresponding to
∆Eγ/Eγ ≃ (1± 0.5)× 10
−4. (10)
The unertainty is statistial only and reets the averaging proedure.
5 Conlusions
From the stability limit shown in Figure 6, we established the following on-
straint for the light speed anisotropy: ∆c/c ≤ (1± 0.5)× 10−12. The systemati
errors of the experiment are indeed very diult to estimate, thus in view of
the large and unexplained utuations of the tted value for the CE, we adopt
a onservative limit
∆c/c < 3× 10−12. (11)
However, even this onservative limit is about 3 orders of magnitude better
than the one reahable from measurements involving the spae probes (inluding
the Cassini probe), sine it will orrespond to several meter auray for a
planetary orbit; also it deals with one-way eet, while the spae measurements
are two-way ones (Nordtvedt, personal ommuniation, 2004).
It is important to note that, the eletrons are irulating inside the mahine
at a rate of 106 revolutions per seond, and therefore, an anisotropy eet annot
be ompensated by the stabilization proedure of the mahine as it ould happen
in a linear aelerator. In other words, the angle between the eletron speed
inside the ring and the diretion of the CMB dipole is hanging so fast, that the
mahine annot ompensate for a hange in energy indued by an anisotropy.
Further studies of the light speed anisotropy with respet to the apex of
CMB dipole, possibly in dediated experiments with higher γ and lower dγ,
seem ruial and an redue our limit or give evidene for possible anisotropy
eets.
We thank K.Nordtvedt for valuable disussions and the ESRF teams for their
permanent help, in partiular, L.Hardy, J.L.Revol, D.Martin and the members
of the alignment group.
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